Non-pathogenic mycobacteria, like Mycobacterium gordonae, are rarely associated to disease. The analysis of the mechanisms which are successful against them in the human host may provide useful information to understand why they fail against the pathogenic M. tuberculosis. We have developed an infection model in human phagocytes to test their ability to kill two strains of M. gordonae , HL184G
Introduction
The current economic and social importance of tuberculosis is enormous [1] , which contrasts with our still poor knowledge of its immunopathogenesis. In spite of intense research, it has not been possible to establish a reproducible model of in vitro infection in which human phagocytes kill pathogenic mycobacteria, especially from the tuberculosis complex [2] . A possible consequence of this failure has been a decrease in the number of articles published in this area in the last few years.
An interesting question to address is whether there is any kind of relationship between the pathogenicity of the mycobacteria and the ability of human phagocytes to kill them. If non-pathogenic mycobacteria were more susceptible to their antimicrobial activity, they would be a useful model to compare with, which may allow us to find the mechanisms used by pathogenic mycobacteria to survive intracellularly, that are absent in the non-pathogenic. It is assumed that alveolar macrophages in the lung are the target cells for M. tuberculosis. When they do not control the multiplication of the bacteria, neutrophils arrive to the infection focus, but their role in the immune response has not been fully established [3] .
Interferon-γ (IFN-γ), a cytokine which activates monocytes and macrophages against bacteria, is critical in the immune response to M. tuberculosis, because inactivating mutations in its receptor increase the susceptibility to mycobacteriosis [4] . IFN-γ successfully activates macrophages in vitro against M.
tuberculosis in the murine model, although it is not effective in human monocytes [5] . An unexpected finding was the discovery that M. phlei, a non-pathogenic mycobacteria, is not eliminated by human monocytes even when they are activated with IFN-γ [6] . This cytokine has also been described to activate neutrophils against another non-pathogenic mycobacteria, M. fortuitum [7] . It fails, however, to induce the killing of M. tuberculosis, which may be instead accomplished by Tumor Necrosis Factor α (TNF-α) [8] . It is noticeable that both M. fortuitum and M. phlei are fast growing mycobacteria, and comparisons with M. tuberculosis may not be straightforward. Other cytokines have been studied in relationship with M.
tuberculosis. Among the proinflammatory cytokines is interleukin 12 (IL-12), which is induced following phagocytosis of M. tuberculosis [9] . Others, like IL-6 and IL-1β, have an unclear role; IL-6 -/-and IL-1R -/-mice seem to be more susceptible to tuberculosis [2, 10] . It has also been described the production of IL-8 in monocytes infected with M. tuberculosis [11] . The inhibitory cytokines IL-4, IL-10 and TGF-β1 have also being analysed. It has been suggested that progressive tuberculosis might be due to a TH2 response, involving IL-4 and IL-4δ2 [12] ; and both IL-10 and TGF-β1 are present in lung bronchoalveolar lavage of tuberculosis patients [13, 14] .
The activities of both human monocytes and neutrophils against nonpathogenic mycobacteria have already been addressed [6, 7, 15, 16] . The comparison of results between reports is, however, very difficult because of the application of various methods of purification of cells, protocols of infections, and models of bacteria. This concern prompted us to use a non-pathogenic bacteria, M. gordonae, which have not been tested yet, and infect both monocytes and neutrophils from the same volunteer, in the same conditions and at the same time, to accurately determine the antimicrobial activities of these phagocytes. M. gordonae, which is a slow growing mycobacteria with duplication times comparable to M. tuberculosis. It is often isolated at hospitals, although it is usually considered as a contaminant, and very rarely has been associated to disease [17] .
We have studied the capacity of human phagocytes to eliminate two strains of M. gordonae, one of them attenuated by serial passage in the laboratory, and the pattern of cytokine production induced by the infection.
Materials and methods

Microorganisms.
Mycobacterium tuberculosis HL186T and Mycobacterium gordonae HL184G were isolated at the Hospital of León (Microbiology Service) and kindly provided by Julio Blanco and Manuela Caño. They were grown on 7H11 agar supplemented with 0.2% glycerol and 10% Middlebrook enrichment OADC (Becton Dickinson Microbiology Systems). After passage M. gordonae in the laboratory for more than a year we realized that it had lost virulence in monocytes, and we designated it HL184Gat (for attenuated). We kept the HL184G strain frozen, which remained with its original properties. Legionella pneumophila Philadelphia, ATCC 13151, generously provided by Carmen Pelaz, was grown on buffered charcoal yeast extract agar plates. Bacteria from fresh culture in agar plates were suspended in X-VIVO 15 medium (Cambrex Bio Science). To obtain isolated mycobacteria, they were sonicated using an S-450 digital ultrasonic cell disruptor (Branson). Pulses of 10 s were applied with a microtip at an amplitude of 10% (2 Watts), and sonicated bacteria were centrifuged at 100 × g for 1 m at room temperature. After recovering the supernatants, sonications were repeated as many times as necessary to obtain individualized bacteria, usually three or four rounds.
At the end most bacteria were alive and very few groups remained, with ≤ 5 bacteria per group, as determined by the LIVE/DEAD Baclight bacterial kit (Molecular Probes, Invitrogen). This treatment was not necessary for Legionella.
After addition of glycerol to 20%, single use aliquots were frozen at -80ºC.
Isolation of monocytes and neutrophils.
Each experiment was performed with blood from a different healthy volunteer, and monocytes and neutrophils were obtained simultaneously. 
Monocyte and neutrophil infection.
Experiments were made in 96-well plates, always in a total volume of 100 µl. Middlebrook enrichment ADC (mycobacteria) for ten days. CFU were determined for mycobacteria under an inverted microscope at × 100 magnification [18] . To determine the number of remaining extracellular M. tuberculosis one day after the infection, we collected the supernatant and washed once the culture with phosphate buffered saline. We put together both fractions (extracellular bacteria), added fresh phosphate buffered saline to the wells and lysed the cells (intracellular bacteria).
We quantified the microorganisms as described above. The number of extracellular bacteria was approximately 29% in the monocytes infections and 10% in the neutrophils infections.
Quantification of cytokines in supernatants.
To remove bacteria from supernatants, samples were centrifuged for 3 minutes at 8000 × g at room temperature in ultrafree-MC filter units (Millipore) of 0.45 µm and frozen at -80ºC. respectively. Quantities were expressed as pg/ml. Supernatants of the negative controls (non-infected cells) had medians < 20 pg/ml, with the exception of IL-6 in supernatant of monocytes (161.9 pg/ml) and IL-8 in supernatant of both monocytes (21594.0 pg/ml) and neutrophils (2494.2 pg/ml). TGF-β1 was present in the serum used for opsonization in Legionella infections (3184.5 pg/ml). The median of each cytokine in the negative controls was subtracted from the quantities calculated from the samples. Amounts after subtraction ≤ 0 were given a value of 0.0 pg/ml.
Statistical analysis.
We determined that a log transformation of the variable CFU followed a normal distribution. When comparing two samples, log CFU was analyzed using Student's t-test. When more than two groups were compared, we performed a oneway analysis of variance and made pairwise comparisons by the Tukey's procedure. When variances were unequal, we applied the post-hoc Tamhane test.
Cytokines distributions were not normal, and we analysed them by the nonparametric Kruskal-Wallis method. We used Dunn's test for pairwise comparisons.
In all cases, a p value < 0.05 was considered significant. Analysis was performed with SPSS v. 14.0 and G-Stat v. 2.0 (Dunn's test).
Results
Antimycobacterial activity of human phagocytes.
There has been several reports that indicate variable activities of phagocytes against non-pathogenic mycobacteria [6, 7, 15, 16] . The bacteria usually analysed, We also wondered whether neutrophils, isolated from the same donors, exhibited any anti-microbial activity (Fig.1, panel B) . The main difference that we could observe when comparing neutrophils with monocytes was that L.
pneumophila was effectively eliminated by neutrophils. This result demonstrates that our conditions of infection allow neutrophils to exert a potent anti-microbial activity. Nevertheless, neutrophils showed a similar pattern to that of monocytes when they were infected by mycobacteria. Again, some growth of M. tuberculosis and M. gordonae was apparent in neutrophils after one day of infection, and a significant anti-microbial activity was exhibited against the attenuated strain of M.
gordonae. We considered the possibility that the difference between HL184G and
HL184Gat was related to structural changes in the cell wall that may have inhibited their phagocytosis. In this case, the lower recovery of bacteria could have been caused by the extracellular death in an inappropriate medium. To rule this explanation out, we infected and stained cells with the Kinyoun technique (using the Giemsa stain for contrast). We observed no differences in the number of engulfed bacteria of both strains (data not shown). Therefore, we concluded that HL184G could be a good model to study the activity of human phagocytes against mycobacteria.
Pattern of cytokine secretion in infected phagocytes.
The next question we addressed was the relationship between the observed microbicidal activity and the pattern of cytokines produced by infected cells. We focused in two main types of cytokines: proinflammatory, which included IL-1 β, IL-6, IL-8, IL-12 and TNF-α; and the inhibitory IL-4, IL-10 and TGF-β1. Our hypothesis was that inhibitory cytokines would be preferentially secreted in cells which do not control the bacterial growth. Values included in Table 1 are the quantities above the amounts detected in the negative controls (non-infected cells), as described in Materials and methods. Some quantities have medians equal to 0 and interquartile ranges > 0 because production of cytokines was detected in only one experiment out of four. We never observed secretion of either IL-4 or IL-12, even in negative controls. Pairwise comparisons by the Dunn's test with several cytokines secreted by L. pneumophila presented significant differences, but they were not significant for any cytokine among the three mycobacteria. IL-1 β was produced at higher levels in monocytes infected by the pathogenic bacteria M.
tuberculosis and L. pneumophila, but not in neutrophils. A similar pattern was discovered for TNF-α and IL-6. A peculiarity of neutrophils was that IL-6 was only produced by cells infected by L. pneumophila. IL-8 was secreted in large quantities in both monocytes and neutrophils, even when they were not infected, but amounts above those obtained for the negative controls were only detected in neutrophils. Nevertheless, there were no significant differences among the four infecting bacteria. Regarding the inhibitory cytokines, IL-10 was more secreted by monocytes infected with M. tuberculosis and L. pneumophila, but significant differences were only found for L. pneumophila. TGF-β1 was detected in large quantities only in L. pneumophila, with significant differences in neutrophils when compared with all three mycobacteria. The reason why no statistical significance in pairwise comparison was detected by the Dunn's test for this cytokine in monocytes (p ≤ 0.06) is that this test is conservative. In fact, the Kruskall-Wallis test for this group was significant (p = 0.017).
We would like to remark that no association was found between antimicrobial activity and production of any of the cytokines tested. Although the difference in the number of M. gordonae attenuated recovered after lysis of the cells was more than one hundred fold for monocytes and ten fold for neutrophils, both the kind and amount of cytokines produced were very similar. A relationship between the pattern of production of cytokines and pathogenicity was found, but Fig. 1 , which although not significant, were very close (p = 0.07). These results confirmed that there is no relationship between the production of these three cytokines and the antimicrobial activity exhibited by infected monocytes.
Activation of phagocytes with cytokines do not increase their antimycobacterial activity.
In the next experiment we tested whether addition of the activating cytokines IFN-γ and TNF-α to the infected cells would prompt them to control the bacterial growth. We had already realized that a modest production of TNF-α in monocytes infected with pathogenic bacteria (M. tuberculosis and L. pneumophila, Table 1 ) did not correlate with an apparent antimicrobial activity. But we wanted to know whether addition of larger quantities (25 ng/ml) of either, or both together, would help the cells to kill the bacteria. When we added these cytokines to monocytes at the moment of infection, no significant differences in the number of recovered mycobacteria after lysis of the cells could be detected between activated and non treated cells (Fig. 2, panel A) . Although M. gordonae attenuated was efficiently eliminated by monocytes, as already shown (Fig. 1, panel A) , the addition of the cytokines did nor further increase this activity. In contrast, when monocytes were activated with IFN-γ, more than 80% of the control L.
pneumophila was killed. This result demonstrate both the good condition of the cells and its capacity to be activated by IFN-γ. TNF-α, however, did not have any effect on the monocytes activity against L. pneumophila. These results could also be corroborated in neutrophils (Fig. 2, panel B) , in which IFN-γ also induced cells to kill L. pneumophila, although it did not reach levels of significance. As in monocytes, cytokines did not improve the activity of neutrophils against M.
gordonae attenuated, and did not have any effect against either M. tuberculosis or M. gordonae.
Discussion
We have thoroughly tested the variables that influence the outcome of in vitro infections, and have designed a strategy that, minimizing technical manipulations, benefits of several advantages: first, purification of monocytes by magnetic cell separation avoids the washes required in techniques that rely on monocytes adherence, which may select against monocytes that do not adhere strongly. Second, maintenance of cells in serum free media reduces variability, because the composition of the serum present in other media, besides being very complex, changes between lots. Third, the low MOI (0.01 bacteria/cell) resembles more closely the natural way of infection, and eliminates the need of washes to remove extracellular bacteria. We have observed that neither M. gordonae nor L.
pneumophila multiply in X-VIVO 15 medium. Although M. tuberculosis does form colonies in this medium, it takes it more than a week to develop (data not shown).
We determined that 71 % of M. tuberculosis bacteria were intracellular one day after the infection, before it begins to multiply in the culture (data not shown), but we think it likely that most, if not all, of the microorganisms will have been engulfed after four days. another non-pathogenic mycobacteria, although non adherent cells killed the bacteria [17] . M. fortuitum, a third non-pathogenic mycobacteria was, however, elimitaded by monocytes [16] , and by INF-γ activated neutrophils [7] . In our experiments neutrophils did not kill M. tuberculosis, although it has been claimed that TNF-α succesfully activate them [8] . We do not know the reason for this discrepancy, although major differences in the infection method were used, mainly their infection with a MOI of 10 bacteria/neutrophil, and subsequent wash of extracellular bacteria. In agreement with our results with M. gordonae, these reports in general show that human phagocytes do not have an intrinsic capacity to eliminate non-pathogenic mycobacteria, although they are infrequently associated with disease [19] .
Phagocytes infected with M. tuberculosis induce the secretion of many cytokines, some of them activators, but others inhibitors [2] . We investigated the production of five proinflammatory (IL-1β, IL-6, IL-8, IL-12 and TNF-α) and three inhibitory cytokines (IL-4, IL-10 and TGF-β1), and related it with the microbicidal activity of both monocytes and neutrophils. Our main conclusion is that there is an association between the pathogenicity of the mycobacteria and the pattern of cytokines secreted. We found that pathogenic bacteria (M. tuberculosis and L. pneumophila), but not M. gordonae, induced the production in monocytes of IL-1β, IL-6 and TNF-α. These results differ markedly with those obtained by
Beltan et al. [20] , who found that macrophages infected with non-pathogenic mycobacteria (M. smegmatis and M. phlei) secreted higher amounts of these cytokines than the infected with M. tuberculosis. In neutrophils, mycobacteria did not induce, or at very low leves, the production of any cytokine, with the exception of IL-8, which were similarly induced by all three mycobacteria. In contrast, Fäldt et al. found that neutrophils infected with a non-pathogenic mycobacteria (M.
smegmatis) produced more TNF-α, IL-6 and IL-8 than those infected with M.
tuberculosis [21] . We attribute the contradictory results to the model and method of infection. We do not use the usual RPMI with serum medium, but a serum free one (X-VIVO 15), and our MOI was very low (0.01 bacteria/cell). For example, in these conditions we do not detect production of IL-12, although it has been reported in human macrophages infected with a mycobacteria [9] . In fact, even The reported results suggest that there are unknown variables which allow the immune system to control the multiplication of non-pathogenic mycobacteria in the human host, which we have not been able to reproduce in vitro, and discovering them may give us important clues about the survival strategies of the more phatogenic M. tuberculosis. In this regard, the susceptibility of the attenuated M.
gordonae to human phagocytes may prove a useful tool to dissect at the molecular level successful antimicrobial mechanisms. 
